Energy and nutrient availability are important determinants of fetal and offspring development. Given high energy and nutrient expenditure during pregnancy and lactation, foraging strategies and choices of specific food items are critical for survival of both mother and offspring. We analyzed dietary variation and consumption of nitrogenrich and calcium-rich foods during different developmental stages in Seba's short-tailed fruit bat (Carollia perspicillata). Dietary analysis was carried out on fecal samples from males and nonpregnant, early pregnant, late pregnant, and lactating females at Macaregua Cave in Santander, Colombia. Diets were similar among males, nonpregnant females, and pregnant females, but lactating females exhibited statistically distinguishable diets. Males and pregnant females displayed a generalist diet, eating a wide variety of items, whereas nonpregnant and lactating females had narrower diets. Nitrogen-rich items, such as Piper (Piperales: Piperaceae; pepper plants) and insects, were not prevalent in the diet of pregnant bats, whereas spiked pepper exceeded expected frequencies in the diets of lactating bats. Calcium-rich Ficus (Rosales: Moraceae; figs) was rarely found in the diets of lactating or pregnant bats. Increased calcium requirements associated with lactation may therefore be satisfied through other avenues.
as abundance, seasonality, diversity, spatial distribution, handling time, nutritional value of food items, and predation risks involved with foraging. Intrinsic factors include health, size, social status within a group, and reproductive or developmental stage of the forager. In a number of species of vertebrates, males and females have been found to exhibit different foraging strategies (e.g., mammals -Rose 1994; Ruedas et al. 1994; Stokke 1999; Barclay and Jacobs 2011; birds-Clarke et al. 1998; Weimerskirch et al. 2006; fish-Berglund et al. 2006) potentially related to intrinsic factors such as fetal or offspring development (Main et al. 1996; Beck et al. 2007 ).
Pregnancy and lactation in females can be energetically costly, with lactation constituting the highest energy demand (Loundon and Racey 1987) . Pregnant bats increase their body mass by 25% to 40% (Kurta and Kunz 1987) . Once born, pups weigh up to 28% of the mother's postpartum weight (Cloutier and Thomas 1992) . Milk production and energy demand peak just before offspring are weaned (Neuweiler 2000) . For example, Mexican free-tailed bats (Tadarida brasiliensis) exhibit energy intake of 57 kJ/day at the beginning of lactation and this increases to 104 kJ/day during mid-lactation (Neuweiler 2000) . With such high energy demand associated with offspring development, females should give birth when food is at peak production so they can allocate energy efficiently and reproduce successfully (Perrigo and Bronson 1985; Thompson 1992) .
Nitrogen and calcium are important for pre-and postnatal growth of young, but are limited in the diets of many bat species (Barclay 1994; Racey and Entwistle 2000) . Nitrogen, a major constituent of protein, can be particularly limited in the diet of frugivorous bats (Thomas 1984) . Piper amalago has an adequate amount of nitrogen (1.93%), especially for lactating Carollia perspicillata (Herbst 1986 ). However, insects have comparably more nitrogen than fruit and frugivorous bats often integrate insects into their diet to satisfy requirements (Morton 1973; Morrison 1980) . Calcium is important for bone growth and adult bats must provide most of the calcium a pup will need to reach approximate adult skeletal dimensions (Barclay 1994 (Barclay , 1995 . Calcium has been found to dictate food choices more than energy during reproduction (Racey and Entwistle 2000) and if unavailable, skeletal mass of the mother can decrease (Kwiecinski et al. 1987) . According to the Nutritional Wisdom Hypothesis, foragers (i.e., females that are pregnant or lactating) should seek food items that contain certain nutritional qualities (i.e., high nitrogen or calcium -Richter 1943; Tracy et al. 2006) . Therefore, nitrogen-rich and calcium-rich food items should be common within the diet of lactating or pregnant females. If not, then pregnant or lactating females can satisfy nutritional requirements by ingesting a larger quantity of food items during pregnancy or lactation (Thomas 1984; Barclay 1994) .
Due to different nutritional and energetic demands, pregnant and lactating females likely have different diets and a different foraging strategy when compared to nonpregnant females and males (Fleming 1988) . The purpose of our study was to analyze diets of pregnant and lactating females and to compare them to those of males and nonpregnant females of Seba's short-tailed fruit bat (C. perspicillata).
We made 3 predictions regarding the relationship between diet and fetal or offspring development. P1) Because pregnancy and lactation are energetically expensive and developmental periods occur during high fruiting periods, lactating or pregnant females will have a more generalist diet compared to males and nonpregnant females. Our next 2 predictions are based on the Nutritional Wisdom Hypothesis (Richter 1943 ): P2) Piper or insects, or both, will be the most common constituent in the diets of pregnant bats (especially late pregnant females); and P3) Ficus will be the most common constituent in the diets of lactating bats. Piper and insects are rich in nitrogen (Fleming 1988; Courts 1997) ; therefore, pregnant females should actively consume insects or Piper so as to increase muscle mass of growing fetuses. Of the fruits Carollia has been recorded to eat, Ficus is believed to be an important source of calcium for frugivores (Shanahan et al. 2001) . Ficus also has been shown to be 3 times higher in calcium than other fruits in Belize, Uganda, and Indonesia, but is very low in protein content (Dinerstein 1986; Shanahan et al. 2001 ). Because calcium is important for bone growth, lactating females should actively consume Ficus over other fruits.
Materials and Methods
Focal species.-Carollia perspicillata is a medium-sized frugivorous bat (16-18 g) that belongs to one of the most abundant and widespread genera within Phyllostomidae (Fleming 1988) . Among Neotropical frugivorous bats, C. perspicillata is one of the most locally abundant and widely distributed species, occurring from Mexico to the northern portion of Argentina (Cloutier and Thomas 1992; Barquez et al. 2015) . Carollia perspicillata plays an influential ecosystem role of maintaining plant diversity, as a seed disperser and pollinator (Fleming and Heithaus 1986; Charles-Dominique 1991; Cloutier and Thomas 1992) . Of the variety of items consumed, C. perspicillata has a preference for plants of the genera Piper and Solanum (Fleming 1988 (Fleming , 1991 , but in some regions has been reported to eat large amounts of Cecropia and Vismia (Ríos-Blanco and Pérez-Torres 2015) as well. In Costa Rica, C. perspicillata is highly specialized on Piper spp., to the point of exhibiting a mutualistic relationship (Fleming 1988 ). An important adaptation of C. perspicillata is the ability to detect when Piper fruit reaches maturity, which is important as these fruits have short periods of maturation (Theis and Kalko 2004) . Although C. perspicillata seems to prefer Piper, males and females are variable in their diet throughout the year. In Colombia, diets of C. perspicillata were relatively different month to month, especially during reproductive and fetal or offspring development peaks (Alviz Iriarte 2014).
In Costa Rica, Panama, and Colombia, C. perspicillata has 2 developmental periods, June through August and February through May (Fleming et al. 1972; Wilson 1973; Heithaus et al. 1975; Williams 1986 ). The breeding period in the wet season (June to August) coincides with fruit production, whereas the developmental period in the dry season (February to May) is related to abundance of flowers (Fleming 1988) .
Study site.-Research was conducted at Macaregua Cave in Santander, Colombia (06°39′36.2″N, 073°06′32.3″W; Fig. 1 ). The cave is made up of 2 main caverns: the smaller is dry and the larger has a stream running through it . This cave has the highest richness of bat species in Colombia (10 species present with about 7,000 to 10,000 individuals) with C. perspicillata being the most abundant . The cave is in tropical dry forest. Only remnants of forest are left due to agricultural development . Annual temperature in the area ranges from 12°C to 30°C and rainfall averages 1,550 mm . The wet season extends from April to October (≈250 mm in April) and the dry season from November to March (≈10 mm in January- Pérez-Torres et al. 2015) . Precipitation is highest during the months of April to May and September to October.
Capture of bats and collections of fecal samples.-Fecal samples were collected between June and August 2015 following the guidelines of the American Society of Mammalogists (Sikes et al. 2016) and Texas Tech University IACUC protocol No. 15027-004. Bats were captured with mist nets after their second feeding, between 0300 and 0600 h, and placed into a clean cloth bag. Sex (male or female) and age (juvenile or adult) of captured bats were recorded. Fetal and offspring developmental status of female bats were determined based on vaginal cytology (early pregnant or nonpregnant), palpability of the fetus (late pregnant), or milk expression (lactating). Bats also were weighed and their right forearm measured. Fecal samples (n = 444) collected for dietary analysis were kept in Eppendorf tubes and preserved using 70% ethanol. In the lab, samples were placed in Petri dishes with 70% ethanol, and separated into seeds, fruit parts, exoskeletons, and unknown parts using a microscope.
Seed morphotypes were separated into groups that were similar in shape and color. Seeds were identified to the species or genus level if possible using field-collected reference material; those that were not identified were classified as unknowns. A presence-absence matrix of seed morphotypes and insect parts was used for statistical analyses. Dietary composition was described by percentages, with the number of times a dietary item was observed being divided by the total number of items observed. Diets for all Carollia at Macaregua Cave were quantified by combining all observations of a particular dietary item consumed by all individuals and dividing by the total number of items observed. The percentage of individual dietary items for each bat group (males, nonpregnant, early pregnant, late pregnant, and lactating females) was estimated by dividing the number of observations of each dietary item by the total number of observations of dietary items consumed by that group. To categorize a food item as nitrogen-rich or calcium-rich, we followed nutritional analyses undertaken by Herbst (1983 Herbst ( , 1986 , Dinerstein (1986) , Fleming (1988) , Barclay (1994) , and Shanahan et al. (2001) .
Statistical analyses.-Bats were separated into groups: males, nonpregnant females, early pregnant females, late pregnant females, and lactating females. Diet items were grouped into Myrcia popayanensis, Solanum mauritianum, Vismia sp., Piper aduncum, Neosprucea sp., Maclura tinctoria, and a group of all others (so as to meet the assumption of at least 5 observations per group) and analyzed using a G-test (Sokal and Rohlf 2012) . Given overall significance, we subsequently conducted pairwise comparisons based on a G-test of independence and experiment-wise error rate was maintained at 5% using a Bonferroni adjustment (Hommel 1988) . Pairwise comparisons of Shannon's diversity of the diets of males, nonpregnant females, early pregnant females, late pregnant females, and lactating females were evaluated with a permutation test (9,999 times) conducted in Past 3 (Hammer et al. 2001) . Experiment-wise error rate of the 10 pairwise comparisons were maintained at 5% using a Bonferroni adjustment (Hommel 1988) . The number of observed nitrogen-and calcium-rich food items in the diets of pregnant and lactating bats was analyzed with goodness-of-fit G-tests (Sokal and Rohlf 2012) . The null hypothesis for these tests was that all dietary items occur in similar frequencies. A canonical correspondence analysis (CCA-Ter Braak 1986) was conducted in CANOCO5 (Ter Braak and Šmilauer 2012) to determine the amount of variation in seed morphotype composition that was related to sex and fetal or offspring developmental status.
results
We caught 709 C. perspicillata in 109 mist-net-hours of effort. In June, the majority of females caught were in early pregnancy, with a few in late pregnancy or lactating (Fig. 2 ). In July, there was an increase in the number of late pregnant and lactating females, and a decrease in early pregnant females. The highest abundance of lactating females occurred in August. From all fecal samples collected (54% [n = 240] Rarefaction curves for 3 of the 5 groups (males, nonpregnant and lactating females) were asymptotic, suggesting that continued sampling could have generated only a few additional new seed species in fecal samples of bats during the developmental season (Fig. 3) . The least species-rich diets were those of nonpregnant (9 seed morphotypes) and lactating females (8 seed morphotypes), whereas late pregnant females (17 seed morphotypes) and males (18 morphotypes) had the richest diets (Table 2) . Diet composition was associated with group affiliation (G 24 = 84.51, P < 0.001; Fig. 4) . Males, nonpregnant females, and pregnant females had similar diets (P-value ≤ 0.005 to be significant based on a Bonferroni adjustment; pairwise comparisons ranged between G 6 = 6.73, P = 0.347 and G 6 = 3.074, P = 0.799). Of all the dietary items consumed by the 4 groups, M. popayanensis (ranging from 42.5% [n = 51] to 31.79% [n = 110]), S. mauritianum (ranging from 15.44% [n = 21] to 10.83% [n = 13]), and Vismia sp. (ranging from 13.51% [n = 5] to 8.33% [n = 10]) were the most common diet constituents (Fig. 4) . Maclura tinctoria (ranging from 5.83% [n = 7] to 4.41% [n = 2]) was present in the diet of males, nonpregnant females, early pregnant females, and late pregnant females, but in low abundance. Diversity was not statistically different among males, nonpregnant females, early pregnant females, and late pregnant females after Bonferroni adjustment (P ≤ 0.005 to be significant; P-values for pairwise comparisons between males, nonpregnant, early pregnant, and late pregnant females ranged from 0.836 to 0.023).
Lactating bats had the most distinct diet (G 6 -values of pairwise comparisons ranged from 30.48 to 54.01, all P < 0.001; Fig. 4 ) due to high amounts of Neosprucea sp. and P. aduncum. Neosprucea sp. was the most frequently observed item in the diets of lactating females, making up 29.55% (n = 26) of the diet and had the highest deviation from its expected value, followed by P. aduncum (19.32% [n = 17]) and M. popayanensis (18.18% [n = 16] ). Diversity of food items in diets of lactating bats was significantly lower than that of males (P = 0.004; Fig. 5 ) but was similar to that of other groups.
Observed frequencies of seeds and insects differed from expected frequencies (all dietary items with equal frequencies; Dousseau et al. (2011) . c Herbst (1983) , Acacia collinsii. d Dinerstein (1986) . e Average of multiple species within the genera. 
6a and 6b). Piper aduncum (most common
Piper species) and insects were lower than expected in diets of both early and late pregnant females. For early pregnant females, M. popayanensis, S. mauritianum, and Vismia sp. exceeded expected frequencies, whereas in diets of late pregnant females, only M. popayanensis surpassed expectations. Ficus was not abundant in the diets of any group. Males consumed more Ficus than any other group (2.02% [n = 7]); none was recorded in the diets of lactating females. A goodness-of-fit G-test for lactating females indicated that frequency of dietary items differed from the null hypothesis (G 7 = 47.42, P < 0.001; Fig. 6c) . Observed values of Neosprucea sp., M. popayanensis, P. aduncum, and Unknown-7 exceeded expectations within the diet of lactating females.
Based on the CCA, group affiliation accounted for 2.2% of the variation of the weighted averages of all seed morphotypes and insects found within fecal samples (Monte Carlo permutation: F = 2.48, P = 0.001; Fig. 7 ). The first axis accounting for 1.57% separated lactating females from other bat groups based on diet, while the second axis accounting for 0.38% was defined by a contrast between late pregnant females and all other groups. High percentages of Neosprucea sp., Unknown-7, and P. aduncum were found in the diets of lactating females. With the exception of M. tinctoria, almost all morphotypes were found in high proportions in the diets of males, nonpregnant females, and early pregnant females.
discussion
Protein and calcium are low in most fruits consumed by bats (Rasweiler 1977; Barclay 1994). Because nutritional requirements change during pregnancy and lactation (Barclay 1994 (Barclay , 1995 Bell 1995) , dietary choices are important for pre-and postnatal growth. Extensive research has been carried out on how intrinsic and extrinsic factors influence the diets of C. perspicillata (Herbst 1986; Fleming 1988 Fleming , 1991 , but analyses on food choices during fetal and offspring development are lacking.
This study focused on the diet of C. perspicillata during 1 breeding (early June to mid-August) season at 1 site in Colombia. The diet of C. perspicillata has been found to be variable throughout its geographical range and during different seasons (Fleming 1988) . Plant phenology also can change year to year at a single location due to different weather conditions, thereby influencing fruit availability. By analyzing only fecal material, we may have missed items that are thrown away and not consumed (i.e., large seeds) or digested beyond identification (i.e., insects or pollen -Fleming 1988) . While analyzing dietary information across all seasons, at different locations, and with different techniques, may provide a more comprehensive understanding of how pregnancy and lactation influence diet of C. perspicillata, we believe that this study provides important insight into reproductive determinants of dietary variation, especially those associated with different developmental stages.
Development is the most energetically expensive period in the life cycles of female mammals because energetic and nutritional demand increases from pregnancy through lactation (Loundon and Racey 1987; Barclay 1994; Racey and Entwistle 2000) . Due to nutritional and energetic necessities, we predicted that pregnant and lactating females would have a more general diet compared to males and nonpregnant females. However, our results indicated that males, early pregnant females, and late pregnant females had a general diet (> 10 food speciesFleming 1986), whereas nonpregnant and lactating females had a narrower diet, consuming the fewest number of food types (< 10). Fleming (1986) demonstrated that bats with higherquality diets in terms of nutrition (i.e., nitrogen-rich Piper) had broader diets. Additional data demonstrated that C. perspicillata selected Piper, but still maintained a broad diet at several other geographic locations (Heithaus et al. 1975; Fleming 1986; Fleming 1988; Aguiar and Marinho-Filho 2007) . Dietary composition was found to be statistically different between the sexes in Costa Rica (Fleming 1988) , suggesting foraging differences between the sexes. While we did not find dietary differences between males and nonpregnant, early pregnant, and late pregnant females, foraging differences can explain the high dietary richness and diversity of males. Males spend considerably less energy on their reproductive physiology (spermatogenesis- Barros et al. 2013 ) than females (fetus development and milk production); instead, males spend more energy on harem maintenance ( bats (Phyllostomus hastatus) go on fewer foraging bouts than females in order to spend more time defending their harems (Kunz et al. 1998) . If male C. perspicillata exhibit similar behavior, they may consume a greater variety of items due to limited foraging time. Diets of lactating females were the most distinct. Moreover, diets of lactating females had low richness and diversity of seed and insect morphotypes. Fleming (1988) demonstrated that dietary compositions did not differ between reproductive (pregnant and lactating) and nonreproductive (nonpregnant) females. However, pooling pregnant and lactating females may obscure dietary differences. In contrast to the abundance of Myrcia in the diets of males, nonpregnant females, and pregnant females, Neosprucea sp. was the major constituent of the diet of lactating females. The next most abundant food item within the diet of lactating females was P. aduncum. The genus Piper is rich in nitrogen (Dinerstein 1986) , and due to energy and nutritional demands, lactating females should exhibit a preference for this species. Although we predicted that lactating females will be general in their diets due to energetic demands, lactating females actually have a specialized diet, consuming less than 10 food items. Therefore, nutritional demands, specifically nitrogen, may be more important during this developmental stage, and dietary distinction between lactating females and the other groups may indicate differences in their foraging patches.
Nitrogen can limit fetal and offspring development and can be poorly represented in diets of frugivorous bats (Racey and Entwistle 2000) . Although we expected that pregnant females would predominantly consume nitrogen-rich food items, Piper and insects were not common in their diets. Instead, M. popayanensis, Vismia sp., and S. mauritianum were found in high proportions in the diets of early pregnant females. Solanum spp. are considered to be relatively high in nitrogen and protein content (Fleming 1988 ), yet protein content of S. mauritianum (0.4% protein) was lower than Vismia (0.5% protein), which was lower than Piper (Fleming 1988) . Delorme and Thomas (1996) found that nonpregnant C. perspicillata are not nitrogen constrained and can satisfy nutritional requirements with a variety of fruits. Although, nitrogen requirements increase during reproduction, pregnant bats may still be able to satisfy nitrogen requirements by consuming Myrcia, Vismia, and Solanum spp. without resorting to Piper (Herbst 1986) . If pregnant females are not able to satisfy nitrogen requirements by consuming fruits, they may do so by consuming leaves and pollen (Kunz and Diaz 1995; Courts 1997) . Pollen and leaves are a good source of protein for bats, and consumption has been documented by frugivorous bats (Howell 1974; Nelson et al. 2005) . Frugivorous bats may also be preadapted to digestion of leaves (Tedman and Hall 1985; Kunz and Ingalls 1994) . During the dry season, C. perspicillata consumes pollen when there is low fruit availability (Fleming and Heithaus 1986 ) and exhibits folivory of Piper plants during the wet season in Costa Rica (Salazar et al. 2013) . Along with polinivory and folivory, C. perspicillata also exhibits insectivory. During the wet season, insects were found in 10% of stomach contents, whereas they were found in 40% of stomachs during the dry season in Costa Rica (Fleming et al. 1972) . Stable-isotope analysis on C. perspicillata in Costa Rica also indicates insect consumption (York and Billings 2009) . A little more than 20% of C. perspicillata individuals in Colombia consumed insects (Arata et al. 1967) . While pollen, leaves, and insects are a good source of protein and may help satisfy nitrogen requirements, evidence of consumption will not always be present in fecal material leading to an underestimation of consumption (Fleming 1988; York and Billing 2009) .
While nitrogen requirements of pregnant females can be fulfilled by fruits other than Piper, lactating females do consume Piper to fulfill those requirements (Herbst 1986 ). Delorme and Thomas (1996) came to a similar conclusion, finding that nonpregnant C. perspicillata were not nitrogen limited. Moreover, lactating bats had more difficulty fulfilling nitrogen requirements and could only do so by consuming certain fruits. Our results confirm that Piper plays an important role during lactation, with P. aduncum surpassing expectations in the diets of lactating bats (Fig. 6c) and having a strong relationship with lactating bats in the CCA (Fig. 7) .
We expected that during the developmental period in the wet season, lactating females would actively consume Ficus. Instead, Ficus was not found in the diet of any lactating females, possibly due to its low protein content. Information on calcium content in fruits is very limited, but many fruits consumed by bats have been found to be low in calcium (Duke and Atchley 1986; Herrera 1987) . Therefore, lactating females will have to consume high densities of fruit to satisfy requirements (Barclay 1994) , or take in calcium in other ways. Females are able to increase their calcium intake by consuming pollen or leaves or by using mineral licks. Pollen has been found to have higher amounts of calcium than fruits on average (Stanley and Linskens 1974) , but does not often show up in fecal material. Instead, pelage examination would be needed to analyze pollen presence. Leaves are also a good source of calcium, and if consumed regularly can increase calcium intake by 46% compared to individuals that do not consume leaves (Nelson et al. 2005) . Besides obtaining calcium from food, bats have been found to consume calcium via other avenues. Pregnant insectivorous bats have been captured in higher frequencies around water sources with high levels of dissolved calcium (Adams et al. 2003) . In Peru, female frugivorous bats were captured around mineral licks (Bravo et al. 2008 ). However, due to the high amount of calcium in figs that are commonly consumed by these bats, mineral licks would only be useful as a secondary source of calcium. At Macaregua Cave, one of us (JP-T) has observed bats licking the walls of the cave. Reports have indicated that skeletal mass of the mother decreases, especially during lactation (Kwiecinski et al. 1987) , and if calcium intake is not enough to satisfy requirements, the female's health may be compromised. This transfer of calcium from mother to pup could limit future reproduction due to decreasing body condition. When analyzing milk composition of the genus Carollia, Studier et al. (1995) found that calcium concentrations were very low, affecting postnatal growth of offspring.
In conclusion, Myrcia was the most abundant food item for C. perspicillata roosting in Macaregua Cave. Males, nonpregnant females, and pregnant females had similar diets, whereas lactating females had the most distinct diet, in part due to the amount of Neosprucea sp. and P. aduncum consumed. Although nutritional demands increase during pregnancy (Barclay 1994; Racey and Entwistle 2000) , pregnant females did not consume a greater amount of nitrogen-rich items such as Piper and insects, but may have been able to satisfy requirements through ingesting other fruits, supporting the conclusion of Herbst (1986) . On the other hand, lactating females may have a difficult time satisfying nitrogen requirements and for this reason consumed more Piper. To satisfy calcium requirements during lactation, we predicted that females would consume Ficus. However, Ficus was not found in the diets of lactating females. They may satisfy this requirement by consuming other fruits, pollen, or leaves, or by obtaining calcium from water sources.
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